The BD FACSVia TM System features novel designs in hardware, software, and instrument QC. We compared the performance of the BD FACSVia System using the BD Leucocount TM kit with the BD FACSCalibur TM flow cytometer. Leucoreduced platelet (PLT, n 5 252) and red blood cell (RBC, n 5 278) specimens were enrolled at four sites. Each specimen was stained in four tubes using the BD Leucocount kit reagents and acquired on the two systems. BD Leucocount Control cells (high and low) were used to evaluate the inter-site reproducibility on the BD FACSVia System at three sites over 20 days. Deming regression and Bland-Altman analysis were performed to determine the WBC absolute counts on the BD FACSVia System vs. the BD FACSCalibur system. Assay accuracy for the range of 0-350 WBCs/ml was adequate. For samples with <25 WBCs/ml, the bias with 95% limits of agreement was 0.136 (-1.897 to 2.169) WBC/ml for PLTs (n 5 184) and 0.170 (-2.025 to 2.365) WBC/ml for RBCs (n 5 193). For inter-site reproducibility, the CV% was 6.46% (upper 95% CI 7.16%) for the PLT high control and 9.49% (10.52%) for the PLT low control. The CV% was 7.51% (8.32%) for the RBC high control and 10.76% (11.92%) for the RBC low control. The BD FACSVia System reported equivalent results of WBC absolute counts for leucoreduced PLT and RBC samples compared to the BD FACSCalibur system. The inter-laboratory reproducibility of the BD FACSVia System met study specifications. V C 2018 The Authors. Cytometry Part A Published by Wiley Periodicals, Inc. on behalf of ISAC.
IN the past decades, performing leucoreduction for blood transfusion products has become a standardized practice in the US and Europe to improve clinical outcome, and also has been gradually adopted by nations in emerging markets worldwide (1) (2) (3) . Depleting leucocytes below a specific level helps to prevent or reduce short and long term adverse effects in transfusion, such as febrile reaction and human leukocyte antigen (HLA) alloimmunization (4) (5) (6) (7) . Removal of >99.9% of leucocytes (or 3-log leucoreduction) in the red cell units and platelets can also significantly minimize potential transmission of viruses such as cytomegalovirus, and reduce transfusion-associated graft-versus-host disease (8) (9) (10) (11) . European countries, the USA, and Canada have published guidelines to enforce universal leucoreduction aimed at improving the quality of blood components. This requires establishment of reliable quality control processes and standards for leucoreduced blood products, as well as rapid and robust cell counting methods to assess residual leucocytes.
The current US guidelines suggest that leucoreduced red cell units should contain <5,000,000 white blood cells (WBCs) per unit (12) . To qualify apheresis platelet units, <5 3 10 6 leucocytes should be in each apheresis bag. For whole blood-derived platelet pools, American Association of Blood Banks (AABB) standards require that leucocyte reduction ensures that 95% of the platelet units sampled contain <8.3 3 10 5 leucocytes per unit. An integrated pack of six PLT units would have <5 3 10 6 rWBCs (12) . The Council of Europe requires the leucodepletion process to achieve <1 3 10 6 per unit of red cells and <0.2 3 10 6 residual leucocytes per unit of platelets from whole blood (13) (14) (15) . Routine quality control of blood components demands fast, reliable, and sensitive methods of automated detection of low levels of leucocytes in final products for transfusion service.
Technologies to enumerate leucocytes in peripheral blood samples include automated leucocyte counters, flow cytometry, the manual Nageotte counting chamber, and volumetric capillary cytometry (16) . Published studies from multiple institutions have compared performance of different technologies to evaluate sensitivity, precision, and robustness for leucocyte counting in leucodepleted blood components (16) (17) (18) (19) (20) (21) (22) (23) (24) . Centralized blood banks and clinical laboratories have adopted flow cytometry as the method of choice because of its high sample throughput and outstanding intra-and interlaboratory reproducibilities.
Traditional flow cytometers are based on old technologies, such as analog electronic systems, with less efficient workflow. The recently developed BD FACSVia TM System is a small flow cytometer with novel designs in optics, electronics and fluidic systems, as well as simplified instrument QC. To evaluate the performance of the BD FACSVia System in enumerating low levels of leucocytes in leucoreduced blood products, we conducted a multicenter method comparison and inter-laboratory reproducibility study. The method comparison was designed in accordance with the Clinical and Laboratory Standards Institute (CLSI) Guideline EP09-A3: Measurement Procedure Comparison and Bias Estimation Using Patient Samples; Approved Guideline-Third Edition (25) . The inter-laboratory reproducibility study was based on the CLSI Guideline EP05-A3: Evaluation of Precision of Quantitative Measurement Procedures; Approved Guideline-Third Edition (26) . We carried out this performance evaluation under Good Clinical Practices guidelines and the US Code of Federal Regulations. The study sites participating in the method comparison evaluation were the American Red Cross (ARC), Holland Lab in Rockville, Maryland; BloodCenter of Wisconsin (BCW) in Milwaukee, Wisconsin; New York Blood Center (NBC) in Long Island City, New York; and the BD MedLab (MED) in San Jose, California. Three of the four study centers, ARC, BCW, and MED, also participated in the interlaboratory reproducibility study.
MATERIALS AND METHODS

Study Design
Method comparison. The leucoreduced PLT and RBC specimens were enrolled per the pre-defined inclusion and exclusion criteria and were prepared using the BD Leucocount TM kit. Samples were measured on the BD FACSVia and BD FACSCalibur instruments side-by-side at four study centers to determine the WBC absolute count on each system. Table 1 lists the number of specimens enrolled at each study site.
Inter-laboratory reproducibility. To evaluate the reproducibility of the WBC absolute count on the BD FACSVia System, the same BD Leucocount Control cells with high and low WBC concentrations were fluorescently labeled in BD Trucount TM tubes with the BD Leucocount kit. Controls were run once per day on the BD FACSVia System at three study centers for 20 operational days. At least two operators per site prepared samples and performed the inter-laboratory reproducibility study.
Specimen Enrollment for the Method Comparison
The institutional review board or ethics committee at each study center reviewed and approved the study protocol before proceeding to site initiation of investigational activity. On each study day, the phlebotomist at American Red Cross (Holland Lab, Rockville, MD) collected whole blood specimens from donors. The site's Informed Consent forms under the ARC Research Blood Donor Program were used. Samples from this site were apheresis PLTs and RBCs, or leucoreduced PLTs and RBCs derived from donor whole blood specimens by the ARC laboratory staff using their standard operational procedures. At other study sites, remnant leucoreduced PLT and RBC specimens together with autologous white blood cell sources such as same-donor leucocytes, non-leucoreduced PLTs or RBCs, or whole blood, were enrolled for the method comparison study. The remnant specimens were leftover PLTs Original Article and RBCs from routine QC testing in blood centers, which otherwise would have been discarded as biological waste. Per enrollment needs, leucoreduced PLTs and RBCs with autologous white blood cell sources were also purchased from qualified vendors that produce apheresis PLTs and RBCs through standard procedures (AllCells, LLC, Alameda, CA; Stanford Blood Center, Palo Alto, CA). All PLT and RBC specimens used in the study were within 48 hours of leucoreduction as required by the BD Leucocount kit. Subjects' protected health information was de-identified from laboratory testing staff before enrollment. Anticoagulants in the enrolled leucoreduced PLTs and RBCs were citrate phosphate dextrose (CPD), citrate phosphate double dextrose (CP2D), or anticoagulant citrate dextrose A (ACDA), as shown in Table 1 .
Distribution of PLTs and RBCs in the Method Comparison
To ensure that prepared PLT and RBC samples spanned the range of 0-350 WBCs/ml, especially within the critical range of 1 2 20 WBCs/ml (equating to $1 2 5 3 10 6 per pack), four WBC bins were used to guide study enrollment. The first low bin contained <1 WBC/ml, the second low bin was defined as 1 WBC < 5 cells/ml, the third bin 5 WBC < 25 cells/ml, and the fourth bin had the highest WBC concentration range of 25 WBC < 350 cells/ml.
Preparation of PLT and RBC Samples
Method comparison. The specimens were initially assessed for WBC absolute count using a hematology cell counter to ensure that the WBC concentration in the leucoreduced PLT and RBC samples fell within the range of 0 < WBC 350 cells/ ml. PLTs and RBCs did not have to be from the same donor. If both PLT and RBC products were obtained from the same donor, they were considered as independent samples. For each specimen, the WBC bins were determined based on the absolute count of WBC results from the BD FACSCalibur system.
Inter-laboratory reproducibility. Custom made PLT and RBC control cells (R&D Systems, Minneapolis, MN) were used as a stable cellular material to evaluate inter-laboratory reproducibility for the BD FACSVia System. Two concentration levels of PLT control cells, 7.6 6 2.7 and 17 6 4.3 cells/ml, and two concentration levels of RBC control cells, 7.2 6 2.5 and 19 6 4.8 cells/ml, were used. Controls were shipped from BD Life Sciences, San Jose to the study sites. Each of the three study sites stained each concentration level sample of PLTs and RBCs in duplicate in BD Trucount tubes, using the BD Leucocount kit, and the resulting stained samples were run on a BD FACSVia System.
Daily Instrument Setup and QC
The BD FACSVia System contains a blue laser (488 nm) and a red laser (640 nm) with four fixed voltage fluorescence detectors and two scatter detectors (FSC and SSC). The wavelengths of optical filters are 533/30 nm (FL1), 585/40 nm (FL2), >670 nm Long Pass (FL3), and 675/25 nm (FL4). At each study site, the BD FACSVia System was set up using BD TM Cytometer Setup and Tracking (CS&T) beads and BD FACSVia clinical software v1.0. CS&T beads are fluorochrome dyed polystyrene beads consisting of equal quantities of 3-mm bright, 3-mm mid, and 2-mm dim fluorescent microspheres. Three production lots of the CS&T beads were used at four study centers. The beads were prepared by adding two drops into 500 ml of deionized water, then run on the BD FACSVia instrument to generate an Instrument QC report. During instrument QC, BD FACSVia clinical software verified that CS&T bright beads were placed within the target fluorescence channels on the instrument. Fluorescence compensation was optimized based on the daily median fluorescence intensity (MFI) values of the bright beads. The bright bead robust coefficient of variation (rCV) was also measured during setup for each fluorescence channel and compared with preset QC criteria. Instrument sensitivity was calculated automatically during the CS&T setup process and subjected to predefined specifications. For quality control of optics, electronics, and fluidics of the system, a "Pass" on the Instrument QC report had to be obtained on the study day before sample acquisition. The BD FACSVia flow cytometer uses fixed detector voltages. Therefore, user adjustment and optimization of PMT settings are not part of the instrument setup.
On the BD FACSCalibur system, BD Calibrite TM beads were prepared per the reagent instructions for use and run on the BD FACSCalibur instrument using BD FACSComp TM software to set up the instrument. Optimized photomultiplier tube (PMT) voltages and compensation values were generated for the BD Leucocount assay by BD FACSComp software based on the measurement of the BD Calibrite beads. A Pass on the BD FACSComp QC report was obtained before sample test.
On each study day, the BD FACSVia and BD FACSCalibur systems also were qualified by running process controls. BD Leucocount Control cells were prepared using the BD Leucocount kit and run on both BD FACSVia and the BD FACSCalibur systems per the BD Leucocount Control instructions for use. The absolute count of WBCs in the BD Leucocount Control cells had to fall within the specification range provided by the manufacturer on both the BD FACSVia and BD FACSCalibur systems.
Enumeration of Residual WBCs
Samples were prepared according to the manufacturer's instructions included with the BD Leucocount kit. The kit includes BD Trucount tubes containing a lyophilized pellet with a predefined number of counting beads ($50,000 beads per tube). BD Leucocount TM reagent contains RNase for enzymatic digestion of RNA and a detergent that lyses red cells and that permeabilizes the WBC membrane. The tubes also contain propidium iodide to stain the nuclear DNA of white blood cells. Four hundred microliters of BD Leucocount reagent was mixed with 100 ml of leucoreduced PLTs or RBCs in a BD Trucount tube. Fluorescently labeled samples were vortexed and incubated in the dark for 5 min. BD Leucocount Control cells (R&D Systems), were treated the same as a specimen sample and were stained with the BD Leucocount kit in the same way. Three production lots of BD Leucocount kit were used in this study to prepare fluorescently labeled samples for flow cytometric analysis.
In the method comparison evaluation, for each PLT and RBC specimen, a total of four tubes of samples stained with BD Leucocount reagent were prepared for acquisition, with two tubes for the BD FACSVia System and two tubes for the BD FACSCalibur system. If prepared samples were not analyzed on cytometers immediately, they were kept at room temperature protected from light. Sample subsequently were analyzed within 24 h if PLTs and RBCs were prepared within 24 h of leucoreduction, or analyzed within 60 min if they were stained within 48 h of leucoreduction. In the inter-laboratory reproducibility evaluation, PLT and RBC control cells containing two concentration levels of WBCs were fluorescently labeled with BD Leucocount reagent in duplicated BD Trucount tubes per level. The stained and prepared BD Leucocount Control cell samples were analyzed on the BD FACSVia System within 60 min after preparation.
On the BD FACSVia System, optimized instrument settings were predetermined by the BD Leucocount test definition in BD FACSVia clinical software, at which labeled cells and beads can be readily identified and gated. Fluorescence compensation settings were preset to 0.0% for the Leucocount test definition. To best distinguish leucocyte signals from noise, the threshold of the BD Leucocount assay was automatically set at 2,500 for FL2-H (585/40 nm) in the BD FACSVia clinical software. For each sample, a fixed number of 10,000 bead events was counted as stopping criteria. The BD Leucocount test definition provides a locked Leucocount template with gates in place to view labeled cells and beads during acquisition and analysis. An FL1 (533/30 nm) vs. propidium iodide (FL2) dot plot is used in the template. The BD Trucount beads region is labeled for bead percentage and the WBCs region is labeled for the WBC% in total events in this dot plot. In our study, gating regions were adjusted manually by operators when necessary for optimal identification of WBCs and BD Trucount beads. Absolute counts of WBCs were determined automatically by BD FACSVia clinical software, and a report was generated after optimal gating was set for sample analysis. The BD FACSVia loader was used at each of the four study sites for high-throughput operation.
On the BD FACSCalibur instruments with BD CellQuest TM software, analysis of list-mode data was performed using the CellQuest template with an FL1 vs. propidium iodide (FL2) dot plot. A threshold of 300 was set on the FL2 fluorescence channel. A threshold of 332 was set on the FL3 fluorescence channel. Regions were set around the population of beads (R1) and the population of WBCs (R2), and they were adjusted manually as needed. For each sample, a fixed number of 10,000 bead events were counted as stopping criteria. The number of WBCs per microliter was calculated following the equation using the expression editor:
n events in R2 3 n beads in a Trucount tube n events in R1 3 volume of blood component added .
Statistical Analysis
Data were analyzed with the SAS v9.3 program (SAS, Cary, NC), Analyse-it software (Analyse-it, Leeds, UK), and Microsoft V R Excel software (Microsoft, Redmond, WA). To further analyze samples in each WBC bin, difference between the two systems was determined by estimating the absolute and relative biases. The difference in WBC absolute count was calculated for each donor and pooled across donor samples in each WBC bin to generate an absolute bias with a 95% confidence interval (CI). The relative difference of the WBC absolute count of each donor sample was defined as the difference of the BD FACSVia output and BD FACSCalibur output divided by the BD FACSCalibur output times 100 (investigational -predicate/predicate 3 100). The relative bias along with 95% CI was calculated by averaging the relative difference of donors based on the assignment for each bin and for all samples. Donor samples with 0 leucocytes per microliter on the BD FACSCalibur were excluded from calculation of relative bias.
Inter-laboratory reproducibility. A total of 40 acquisition runs (20 days 3 2 replicates per run per day) was carried out on the BD FACSVia System per study site for each level of PLT and RBC control to evaluate precision. Analyses of variance were performed with the following random-effect factors: site, day, and within-run. Total reproducibility was calculated to include site, day, and within-run variability. The standard deviations (SDs) with 95% upper CIs and percent coefficient of variation (CV%) with 95% upper CIs were calculated for each factor, along with total reproducibility.
RESULTS
Method Comparison Study
Regression analysis. Figure 1 shows Deming regression plots with regression slope, intercept, and R 2 for the whole WBC range (0-350 WBCs/ml) for PLT and RBC samples. Our four-center study demonstrated that BD Leucocount reagent with BD Trucount beads gave equivalent WBC absolute counts for the PLTs and RBCs on the two systems. The
Original Article
Deming regression results between the BD FACSVia and BD FACSCalibur Systems met study criteria, which were that the 95% CI of the regression slope shall be 0.9-1.1, R 2 shall be !0.90, and regression intercept shall be within 63 WBCs/ml.
Bland-Altman plots. In the areas of interest for blood banks, samples with WBCs <25 cells/ml were analyzed using the Bland-Altman method. Within 252 PLTs and 278 RBCs, there were 184 PLTs and 193 RBCs containing WBCs <25 cells/ml. The Bland-Altman test was applied to these samples to show the absolute bias between the BD FACSVia and BD FACSCalibur Systems with 95% limits of agreement, as presented in Figure 2 . The absolute bias of 184 PLTs was 0.136 cells/ml with 95% limits of agreement (bias 61.96 SD) of 21.897 and 2.169 cells/ml, respectively. Similarly, Bland-Altman analysis of the 193 RBCs revealed an absolute bias of 0.170 cells/ml and 95% limits of agreement of 22.025 and 2.365 cells/ml, respectively.
The bias of the WBC absolute count between the two systems was further analyzed for samples in each WBC bin and for the overall method comparison data. Table 2 presents the analysis results. In the first low bin, WBC <1 cell/ml, the absolute bias was 0.07 cells/ml (0.02, 0.12) for PLT (n 5 56) and 20.03 cells/ml (-0.08, 0.02) for RBC (n 5 59). The high relative bias in the first low bin was due to very small denominators (WBC <1 cell/ml) in the calculation and was therefore not suitable to be used in bias estimation. In the next low leucocytes bin, in which residual leucocytes were >1 cell/ml but <5 cells/ml, the absolute bias was 20.05 cells/ml (-0.21, 0.11), relative bias 0.61% (-4.67%, 5.88%) for PLT (n 5 61). In this bin, for RBC samples (n 5 72), the absolute bias was 0.11 cells/ml (-0.08, 0.31), and the relative bias 5.73% (-1.75%, 13.20%). To meet standards proposed by the Council of Europe that the residual leucocyte number be <1 3 10 6 per unit in leucoreduced blood components, equating to <3.3 cells/ml, a sensitive leucocyte enumeration method is critical to accurately count low levels of leucocytes. Our results in the first two low bins demonstrated that the BD FACSVia flow cytometer meets sensitivity requirements in residual leucocyte enumeration compared to the BD FACSCalibur instrument.
In the third leucocytes bin, in which residual leucocytes were >5 cells/ml but <25 cells/ml, the absolute bias for PLTs (n 5 67) was 0.36 cells/ml (95% CI 20.03, 0.75), and the relative bias was 3.29% (-1.07%, 7.66%). For the leucoreduced RBC samples (n 5 62), the absolute bias was 0.42 cells/ml (95% CI 20.02, 0.87) and the relative bias was 3.33% (-0.38%, 7.05%). This bin corresponds to the US standards for leucoreduced blood components, in which <5 3 10 6 WBCs are required per unit. In the fourth bin (25 WBC < 350 cells/ml), the BD FACSVia System had low relative bias for both PLTs and RBCs compared to the predicate, the BD FACSCalibur system. Table 3 shows summary results of the SD and CV% with upper 95% CI of each variance component and total reproducibility. The inter-laboratory reproducibility results on four BD FACSVia Systems conducted at three study centers met our study expectation, which was that total CV% with 95% CI shall be 10% for the high controls and 30% for the low controls.
Inter-Laboratory Reproducibility Study
DISCUSSION
In the method comparison study, we evaluated the BD Leucocount assay results on the new BD FACSVia System in comparison with the BD FACSCalibur system at four study centers using 252 PLT and 278 RBC samples for the range of 0-350 WBCs/ml. Within these leucoreduced blood products, 184 PLT and 193 RBC samples contained <25 WBCs/ml. The absolute bias was calculated as the difference in WBC absolute count of each donor on the two instruments and pooled across donor samples in each WBC bin to generate an absolute bias with a 95% confidence interval (CI). The relative difference of the WBC absolute count of each donor sample was defined as: (investigational -predicate)/predicate 3 100. The relative bias along with the 95% CI was calculated by averaging the relative difference of donors based on the assignment for each bin.
a In the calculation of relative bias, donor samples with 0 leucocytes per microliter on the BD FACSCalibur system were excluded from the calculation. The number in brackets was used to calculate relative bias. 
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Although leucocyte counting on samples with low WBC concentration is the major interest for blood banks and clinical test laboratories, the fourth WBC bin in Table 2 may resemble use cases in blood centers when leucodepletion filters malfunction and blood components fail quality control. Detection of PLT and RBC samples in the fourth bin on flow cytometers can be part of the laboratory workflow, although high WBC counts can also be obtained using a hematology analyzer. We analyzed method comparison data using Deming regression and Bland-Altman methods for the whole WBC range, as well as for samples with <25 WBCs/ml. In addition, we further divided PLTs and RBCs into four WBC bins and analyzed agreement results (as measured by bias) between BD FACSVia System and BD FACSCalibur instrument. Our validation results demonstrated that for low to extremely low levels of leucocytes, the BD FACSVia System can provide results as accurate as the BD FACSCalibur system for leucoreduced PLT and RBC samples.
Counting low levels of WBCs in PLTs and RBCs with high precision has been a challenging task (28, 29) . A cross-comparison study demonstrated that BD Trucount bead tubes in combination with BD Leucocount reagent could improve precision, especially for counting low levels of WBCs (0-3 cells/ml) in leucoreduced PLTs and RBCs (18) . This is because BD Trucount bead tubes contain a lyophilized bead pellet with a predetermined number of beads. The procedure requires only a single pipetting step during sample preparation and hence reduces overall assay variability. Our inter-laboratory reproducibility data in Table 3 demonstrated that on the new BD FACSVia System using BD Leucocount reagent with BD Trucount beads, we could achieve satisfactory reproducibility results for the absolute counts of WBCs in leucoreduced PLTs and RBCs across three sites.
Leucocyte removal from blood components before transfusion by leucodepletion filters prevents or at least delays leucocyte mediated adverse reactions. It also reduces risks of related infectious diseases caused by transfusion. Doing adequate process validation and providing routine monitoring of leucodepleted blood components using robust automatic cell counting methods are essential to ensure consistent production of high quality leucoreduced blood components. In these applications the BD FACSVia System provides a novel and effective flow cytometry solution.
